Introduction
Multiferroic materials which exhibit more than one mutually-coupled ferroic (e.g. ferroelectric (FE) / ferromagnetic (FM) / ferroelastic) order parameter (OP) in a single phase, provide additional degrees of OP freedom that can be exploited in novel multistate memory and sensing devices.
Magnetoelectricity (the generation of a change in magnetization by an applied electric field or vice versa), on the other hand, is a related phenomenon that will arise in any material that is both electrically and magnetically polarizable and possesses an appropriate magnetic symmetry, regardless of whether it is multiferroic or not. For example, the magnetoelectric Cr2O3 is an antiferromagnetic dielectric and is neither FE nor FM 1 . The unique advantage of single phase magnetoelectric multiferroics is that not only could they find application in high storage density, lowpower memory devices that can be electrically written and magnetically read, but also memory technologies with 4-state logic might be achieved by constructing devices that exploit the presence of both ferroelectric and ferromagnetic states 2 -representing a clear improvement over current 2-state logic devices. However, there are relatively few 3-8 materials demonstrating ferroelectric and ferromagnetic properties in a single-phase at room temperature. Due to conflicting electronic structure requirements for ferroelectricity (empty d orbitals) and ferromagnetism (partially filled d orbitals), the two properties tend to be mutually exclusive 9 . Examples of multiferroic materials which arise from lone-pair effects are the extensively studied 6, 7 room temperature ferroelectric (Tc 110 K)/antiferromagnetic (TN 643 K) BiFeO3 and doped derivatives 10, 11 (which also display a weak canted ferromagnetic moment) and BiMnO3, which is a low temperature ferromagnetic oxide (Tc = 105 K) reported to be ferroelectric (Tc = 450 K) [12] [13] [14] . With improved materials design however, other structures showing multiferroic properties at ambient temperatures are now starting to emerge.
For example, (BiTi0.1Fe0.8Mg0.1O3)0.85(CaTiO3)0.15 is an example of a material system at a morphotropic phase boundary where ferroelectricity is enhanced and the magnetic ion concentration is above the percolation threshold for long-range magnetic order 5 . Another flexible layered system, [Pb(Zr0.53Ti0.47)O3]0.6-[Pb(Fe0.5Ta0.5)O3]0.4 (PZT-PFT), exhibits bilinear magnetoelectric coupling in lamellae of the ceramic at room temperature (1 x 10 -7 sm -1 ) 4 and magnetic fields of +3T can induce switching of ferroelectric domains that is comparable to that produced by electric fields (+25 V) 15 .
By manipulating a family of layer-structured materials to accommodate both ferroelectric and ferromagnetic cations within the same structure, we previously synthesized Aurivillius phase Bi6Ti2.8Fe1.52Mn0.68O18 by a chemical solution deposition (CSD) technique 3 . This material is a multiferroic thin film material that demonstrates a ferromagnetic signature (MS = 0.74 emu/g, HC =
7 Oe) and magnetoelectric coupling at room temperature. However, only 4 to 7 % of the films prepared by this CSD process engaged in magnetoelectric coupling. Furthermore, the relatively low remanent magnetization (MR) value observed (MR = 0.022 emu/g) restricts the use of these samples in potential memory device applications. . X-ray diffraction (XRD) profiles were collected using an X-pert PW3719 MPD diffractometer, equipped with a CuKα source (45KV and 40mA) and nickel (Ni) filter. The degree of crystallographic c-axis orientation, the Lotgering factor (Lf) 18, 19 magnetometer under maximum field of 5 T and 350 to 5 K temperature range was used for magnetic measurements. To ensure that there is no trapped flux both in the superconducting coil of SQUID and in the sample, a well-designed protocol was followed to demagnetize those 20 . The superconducting coils of the SQUID are normally discharged from high field (5 T) to zero field in oscillation mode. The amount of trapped flux is typically <10 Oe for such cases. Before starting each new experiment, the superconducting coil was warmed to room temperature (350 K) which is above the critical point of the superconducting coil to remove any remanent magnetic field from the coil.
Additionally, prior to any measurement, the sample itself was demagnetized with oscillating field using a well-designed demagnetizing protocol in order to ensure that there is no trapped flux in the It should be noted that each of the newly used probes was calibrated and the optical lever sensitivity (InvOLs) of the probe was determined before generating hysteresis/strain loops according to the MFP-3D procedural manual.
Results
1000 injections of the above-described LI-CVD method produced B6TFMO samples of approximately 100 nm in thickness with rms roughness of 15 nm. XRD profiles ( Fig. 1(a typically seen for layered Aurivillius materials 22, 23 . Most (94 % approx.) of the perovskite-type layers were parallel to the sapphire substrate; however some (6 % approx.) were angled perpendicular to it (as analyzed over the scanned TEM areas). This is not inconsistent with the value of Lf, as the XRD was conducted in Bragg-Brentano geometry, which only samples crystal planes parallel to the substrate plane. OPBs frequently nucleate at the film-substrate interface due to a shift between regions of a crystal that are out-of-plane to the substrate and can propagate through the film. These regions are of the m = 5 layered B6TFMO structure, consistent with the parent phase. SEM-EDX measurements over a sample area of 25 x 25 µm 2 up to 1.2 x 1.2 mm 2 , (analyzed by performing 5 scans on 5 different areas) demonstrate an average film composition of Bi6Ti2.99Fe1.46Mn0.55O18.
Ferromagnetic hysteresis loops, (Fig. 2(a) ), were observed for the sample throughout the temperature range (5 K to 300 K). The film porosity was taken into account for the magnetization calculations as we observed that an area of 0.16 % of the substrate was not covered by the B6TFMO film ( Fig.2a inset (i) ). The saturation magnetization (MS = 24.25 emu/g or 215 emu/cm 3 ), coercive field (HC = 170 Oe) and remanence magnetization (MR = 9.916 emu/g or 81.5 emu/cm 3 ) were calculated from these hysteresis curves at room temperature (300 K). Temperature dependent remanence magnetization (MR) and coercivity (HC) are plotted in Fig.2b where both the MR and HC gradually increase with decreasing temperature. Magnetization of B6TFMO as a function of temperature ( Fig.2b inset (i) ) was investigated by field cooled (FC) and zero field-cooled (ZFC) curves respectively. A relatively low field of 100 Oe was applied for these measurements. From temperature dependent ZFC-FC measurements, the presence of magnetic phase transitions can be determined 20 . The clear split between the ZFC-FC curves below 350 K ( Direct local visualization of the magnetic-field-induced switching of ferroelectric domains via PFM was previously demonstrated for the CSD-grown Bi6Ti2.8Fe1.52Mn0.68O18 thin films 3 , where two distinct types of ferroelectric domain behavior were observed as the magnetic field was changed:
(i) the emergence of in-plane piezoelectric domains and (ii) piezoelectric domain switching. In this work, we investigated the influence of a full magnetic field step cycle on the ferroelectric domains (Fig. 3) . Ferroelectric domain nucleation and growth and local piezoelectric hysteresis (strain loops)
were visualized using PFM [25] [26] [27] under in-plane variable magnetic fields (VFM). Aurivillius phase thin films are preferentially c-axis oriented with most of the grains having their crystallographic a-axis lying along the lateral plane of the film. The major polarization vector in these materials is along the in-plane a-axis 23 . Hence, this may result in larger in-plane ferroelectric polarizations coupling with the magnetic order parameters, compared to the out-of-plane polarization direction.
Single frequency lateral piezoresponse force microscopy 26 (SPFM ~20 KHz) under a variable magnetic field (0 Oe  +2500 Oe  0 Oe  -2500 Oe  0 Oe) was used to explore local magnetic field induced in-plane ferroelectric domain switching in the B6TFMO thin films of thickness 100 nm and rms roughness of 15 nm (Fig. 4 and Fig. 5 ). Fig. 4(a-b) lateral amplitude and phase images demonstrate natural self-polarized piezoelectric domains at zero magnetic field (H) at room temperature. On increasing the magnetic field up to 1000 Oe (the field where nucleation begins) the emergence, nucleation and growth of magnetic field induced coupled ferroelectric domains were observed, these domains were not visible in the absence of applied external magnetic field (initial field of 0 Oe), as evident by an increase in response of the PFM amplitude and a 180 ° change in phase (see the contrast changes in the images, highlighted by the green circle in Fig.4) . The lateral ferroelectric polarization was explored at a scan angle of 90 °, where motion along this axis is parallel to the magnetic field lines. As the torsional twist of the cantilever used for PFM scanning is parallel to the external applied VMF lines, the appearance, formation, and switching of newly formed ferroelectric domains are solely induced by the external magnetic field and a coupling of the electric and magnetic order parameters within the B6TFMO grains 14 . Domain growth was observed up to +2500 Oe (Fig.4 (e-f) ) -this was the maxium magnetic field that was applied for these experiments. On reversal of the magnetic field direction back to 0 Oe (Fig. 4 (i-j) ), it is evident that the piezoelectric domain persists and remains irreversible when cycled in the negative direction (Fig.4 (m-n) ) and on completion of the magnetic field cycle (Fig.4 (q-r) ).
Different types of magnetoelectric switching could be observed in the lateral PFM mode as demonstrated by regions of the sample circled in green and yellow in Fig. 5 . On an increase in magnetic field from 0 Oe to +1000 Oe, a piezoelectric domain emerges in the region circled yellow as demonstrated by an increase in piezoresponse (Fig. 5 (c) ) and a change in phase contrast from purple to yellow (Fig. 5 (d) ). The magnitude of the piezoresponse and the size of the piezoelectric domain increases on an increase in magnetic field to +2500 Oe (Fig. 5 (e) and (f) ). On reversal of the magnetic field to +1500 Oe, the magnitude of the piezoresponse (Fig. 5 (g) ) and the size of the piezoelectric domain decreases (Fig. 5 (h) ) from that observed at +2500 Oe. On further reversal back to 0 Oe, the piezoelectric domain disappears, as evident by the region circled in yellow demonstrating no piezoresponse (Fig. 5 (i) ) and a phase switch back to purple (Fig. 5 (j) ), illustrating the reversibility of the magnetoelectric coupling under these conditions. On decreasing the magnetic field to -1500 Oe, the piezoelectric domain emerges again as demonstrated by an increase in piezoresponse ( Fig. 5 (k) ) and a change in phase contrast from purple to yellow ( Fig. 5 (l) ). The magnitude of the piezoresponse and the size of the piezoelectric domain increases on an increase in the strength of the negative magnetic field to -2500 Oe (Fig. 5 (m) and (n)), as was observed for the positive direction at +2500 Oe. On decrease in the magnetic field strength to -1500 Oe, the magnitude of the piezoresponse (Fig. 5 (o) ) and the size of the piezoelectric domain decreases (Fig. 5 (p) ) from that observed at +2500 Oe. On completion of the magnetic field cycle back to 0 Oe, the domain does not disappear, as demonstrated by a response in the amplitude image ( Fig. 5 (q) ) and a yellow phase contrast ( Fig. 5 (r) ), therefore, this magnetoelectric switching for this region is not fully reversible.
A higher magnetic field of +2500 Oe is required to generate a piezoresponse ( Fig. 5 (e) ) and change in phase contrast (Fig. 5 (f) ) for the region circled in green. This piezoelectric domain disappears on reversal of the magnetic field to +1500 Oe (Fig. 5 (g ) and (h)) and is not observed on further decrease in magnetic field to 0G (Fig. 4 (i) and (j) ) and to -1500 Oe (Fig. 5 (k) and (l) ). However, the piezoelectric domain is generated on a decrease in magnetic field to -2500 Oe (Fig. 5 (m) and (n)), as was observed for the positive direction at +2500 Oe. This piezoelectric domain disappears on reversal of the magnetic field to -1500 Oe (Fig. 5 (o) and (p) ) and is not observed on further decrease in magnetic field to 0 Oe (Fig. 5 (q) and (r) ). Upon the completion of the magnetic field cycle, it is evident that field dependent reversible magnetoelectric coupling behavior is observed for the region circled in green.
In order to investigate the influence of the magnetic field on vertical PFM domains, out-ofplane PFM measurements were performed on the B6TFMO thin films (of thickness 100 nm and rms roughness of 15 nm) using Dual AC resonance tracking PFM (DART-PFM), which is a mode switching was observed. The complete magnetic field cycle and magnetically induced amplitude and phase responses are illustrated in Fig. 6 (a-t) , using the magnetic field data points shown in Fig. 3 .
Vertical PFM amplitude and phase images in Fig. 6 (a) and (b) , respectively demonstrate that the LI-CVD-grown B6TFMO films are piezoelectric at room temperature at zero magnetic field. On increasing the magnetic field to 1000 Oe, two new piezoelectric domains emerge that were not observed at the initial field of 0 Oe, as evident by an increase in the PFM amplitude and a phase change to purple, highlighted by the green and yellow circles in Fig. 6 (c) and (d) . From +1000 Oe to +2500 Oe, the piezoelectric domains nucleate further, as is demonstrated by an increase in amplitude and size of the domains (Fig. 6 (e) and (f) ). +2500 Oe was the maxium magnetic field that was applied for these experiments. When the magnetic field is reversed to +1500 Oe, the domain highlighted by the green circle demonstrates characteristics of Type A magnetoelectric coupling and does not disappear, whereas the piezoelectric domain circled in yellow disappears, characteristic of grains that engage in Type B magnetoelectric switching. This grain does not demonstrate any piezoresponse at 0 Oe, however on further decrease in the negative direction to -1500 Oe, the piezoelectric domain emerges again and saturates at -2500G, as it did in the positive direction at +2500 Oe. On the other hand, the piezoelectric domain circled in green remains over the magnetic field cycle of +2500 Oe  0 Oe  -2500 Oe. On completion of the magnetic field cycle back to 0
Oe (Fig. 6 (q) to (r) ), the piezoresponse of the grain circled in yellow disappears, demonstrating reversible magnetoelectric switching, whereas the domain circled in green persists, demonstrating irreversible magnetoelectric switching. Note that AFM height (topography) images were collected (Appendix Fig. 1 ) simultaneously to the PFM imaging in Figures 4, 5 and 6 and no structural changes to the topography could be observed on cycling with the magnetic field.
The influence of the magnetic field on the piezoelectric response in B6TFMO was demonstrated by locally generating ferroelectric hysteresis loops on Type A and Type B domains (encircled in green and yellow, respectively in Fig. 6 (a-t) ) as shown in Fig. 7 . These loops were generated on removal of an applied DC-bias via DART switching spectroscopy PFM (DART-SSPFM 3, 26 . No PFM hysteresis loops were performed at ± 0 Oe. As is illustrated by the loops in Fig.   7 (a) , an increase in piezoresponse was observed on increasing the magnetic field from +1000 Oe to +2500 Oe for the Type A domain, which correlates with the increase in piezoresponse observed for the images in Fig. 6 (c) to (e). No change in piezoresponse was observed for the loops generated on reversing the magnetic field to 0 Oe and on decreasing further to -1000 Oe and -2500 Oe, consistent with the piezoresponse images displayed in Fig. 6 (e) to (m) . The PFM hysteresis loops (Fig. 7 (b) ) generated for the Type B domain demonstrates an increase in piezoresponse when increasing the magnetic field from +1000 Oe to +2500 Oe, consistent with what can observed for the region circled in yellow in image Fig. 6 (c) to (e). As was shown for the PFM images of the region circled in yellow ( Fig. 6 (e) to (m) ), the magnitude of the piezoresponse cycles with the magnetic field strength and direction: a decrease in piezoresponse is demonstrated for the PFM loops when the magnetic field is reversed to a negative field of -1000 Oe, which increases in magnitude when the strength of the negative magnetic field is increased to -2500 Oe.
Note that the PFM data describes magnetoelectric switching at the sample surface. It is not known whether magnetoelectric switching occurs through the thickness of the film also. The observed average switching regions in the B6TFMO thin films were a small fraction of the sample volume. The average magnetic field-induced in-plane polarization emergence was 14 % (Fig. 4 and Fig. 5 ) and approx. 8.6 % for the out-of-plane vertical measurements (Fig. 6) , although it must be noted that these percentage values are for distinct regions of the sample surface. However, increased volumes of the B6TFMO films grown by LI-CVD engage in magnetoelectric coupling compared with the CSD-grown films (4-7 % of the CSD-grown films engage in magnetoelectric coupling 3 .
These results of direct magnetic field induced ferroelectric domain nucleation, growth and domain switching at the nanoscale within a single phase B6TFMO thin film are significant, and provide strong evidence for magnetoelectric switching behavior by providing direct visualization of magnetic field-controlled ferroelectric polarization. Hence, ferroelectric and ferromagnetic order parameters are correlated and coupled within a single phase B6TFMO at room temperature.
To confirm that the observed magnetoelectric multiferroic response was generated by the parent Aurivillius phase, detailed structural and compositional analysis is required to exclude the possible contribution of minor secondary phases to the observed ferromagnetic response, and a confidence level on that exclusion must be established. By performing a thorough microstructural phase analysis of the B6TFMO sample (refer to Appendix) and using a previously established statistical model 28 , we were able to calculate the upper bound volume fraction of unseen inclusions that would contribute to the remanent magnetization (MR) of our B6TFMO sample. The details are outlined in the Appendix. We conclude that the observed ferromagnetism originates from the main B6TFMO Aurivillius phase to a confidence level of 99.95 %.
Discussion
The mechanism by which the magnetoelectric coupling and switching occurs in B6TFMO thin films is not obvious from these experiments. Evans et al. also report two types of magnetoelectric coupling behavior, bilinear PM (where P is polarization and M is magnetization) coupling and biquadratic (P 2 M 2 ) coupling in Pb(Zr,Ti)O3-Pb(Fe,Ta)O3 ceramics, where the type of coupling is dependent on the magnetic field direction 29 . By considering highly generalized Landau free energy expressions and by monitoring the changes in capacitance that occur when a magnetic field is applied in each of three orthogonal directions, it was demonstrated that magnetocapacitance effects, consistent with P 2 M 2 coupling, are strongest when fields are applied in the plane of the single crystal sheet investigated. Weaker P 2 M 2 coupling was apparent when the magnetic field was perpendicular to the lamella where it was clear that asymmetric PM coupling terms were more dominant. It should be noted that detailed investigations on the influence of the crystallographic orientation of the B6TFMO grains with respect to the magnetic field on the nature of the magnetoelectric coupling are the subject of further work. 
Conclusions
In summary, we have produced m = 5 Bi6Ti2.99Fe1.46Mn0.55O18 (B6TFMO) thin films via an industrially compatible LI-CVD process that displays optimized structural homogeneity and decreased porosity compared to the previously reported Bi6Ti2.8Fe1.52Mn0.68O18 thin films prepared by CSD 3 . We report the first ever direct PFM visualization of the nucleation, growth and switching of ferroelectric domains under the influence of a full in-plane magnetic field cycle. Interestingly, two types of magnetoelectric coupling behavior were observed, (i) irreversible switching and (ii) reversible switching. The origin of the magnetoelectric coupling is not obvious from these experiments. Crystallite orientation with respect to magnetic field direction may be a factor affecting the nature of the magnetoelectric coupling in the B6TFMO thin films. It is obvious from the TEM images ( Fig. 1 (b) ) and XRD data ( Fig. 1 (a) ), that the majority of the grains are oriented with their a-axes parallel to the substrate; however approximately 6 % of the sample has a-axis oriented grains which are tilted out-of-plane. Application of in-plane magnetic fields to the grains with their crystallographic a-axis lying in the lateral plane of the film may result in reversible Type B magnetoelectric switching, whereas it may result in irreversible Type A magnetoelectric switching for a-axis oriented grains which are tilted out-of-plane, however we can only speculate at this point.
We observed significantly higher in-plane ferromagnetic signatures between 5K to 300K for the LI- 31 . We thoroughly scrutinized the B6TFMO films for the presence of trace levels of secondary phase magnetic impurities and conclude that the observed ferromagnetism originates from the main B6TFMO Aurivillius phase to a confidence level of 99.95 %. As such, we conclude that B6TFMO thin films can potentially be utilized for industrially compatible in-plane RAM applications and future high data storage multistate logic memory devices. More interestingly, demonstration of reversible ferroelectric switching by an external magnetic field is a very important finding as it allows the application of these films in magnetoelectric sensors and energy harvesters.
